Boid Inclusion Body Disease (BIBD) is a potentially fatal disease reported in captive boid snakes worldwide that is caused by reptarenavirus infection. Although the detection of intracytoplasmic inclusion bodies (IB) in blood cells serves as the gold standard for the ante mortem diagnosis of BIBD, the mechanisms underlying IB formation and the pathogenesis of BIBD are unknown. Knowledge on the reptile immune system is sparse compared to the mammalian counterpart, and in particular the response towards reptarenavirus infection is practically unknown. Herein, we investigated a breeding collection of 70 Boa constrictor snakes for BIBD, reptarenavirus viraemia, anti-reptarenavirus IgM and IgY antibodies, and population parameters. Using NGS and RT-PCR on pooled blood samples of snakes with and without BIBD, we could identify three different reptarenavirus S segments in the collection. The examination of individual samples by RT-PCR indicated that the presence of University of Giessen virus (UGV)-like S segment strongly correlates with IB formation. We could also demonstrate a negative correlation between BIBD and the presence of anti-UGV NP IgY antibodies. Further evidence of an association between antibody response and BIBD is the finding that the level of anti-reptarenavirus antibodies measured by ELISA was lower in snakes with BIBD. Furthermore, female snakes had a significantly lower body weight when they had BIBD. Taken together our findings suggest that the detection of the UGV-/S6-like S segment and the presence of anti-reptarenavirus IgY antibodies might serve as a prognostic tool for predicting the development of BIBD.
Introduction
Boid inclusion body disease (BIBD) is a widespread disease of captive boid snakes known since the 1970s [1] [2] [3] . The disease is characterised by the presence of eosinophilic and a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
with their cytokine-mediated development of fever, snakes are poikilotherm and thus increase their body temperature behaviourally by exposing themselves to higher environmental temperatures as demonstrated by stimulation with bacterial LPS or infection with gram-negative bacteria [21, 29, 30] .
The adaptive immune response of both mammals and reptiles has a cell-mediated and a humoral component. The former is based on T cells, and in reptiles their proliferation depends on the seasonal cycle [31] [32] [33] . Females show a stronger cell-mediated immunity than males in both mammals and reptiles [21, [34] [35] [36] , and in the latter T cell proliferation is stronger in nongravid than in gravid animals [21, 36] . In vertebrates, including reptiles, the immunoglobulins (Ig) orchestrate the humoral branch of the adaptive immune system. Reptiles produce Igs of three classes, IgY, IgM and IgD; the leopard gecko (Eublepharis macularius), for example, also produces IgA [21, 37] . The reptile IgM is considered as equivalent to IgM of other vertebrates, and IgY corresponds to mammalian IgG [22, 38] ; the molecular features are similar. Depending on the snake species IgY may occur in three isotypes, a, b, and c. According to sequence analysis, the IgY isotypes of boid snakes differ from those of other snake species but show structural similarity to mammalian IgG in that the heavy and light chains are covalently bound [37] . In both reptiles and mammals exposure to an infectious agent (or other foreign antigen) triggers IgM production approximately within a week [21] . In mammals IgM appears around 10 days [21] and peaks around 10-14 days post exposure. In reptiles, serum IgM levels reach the peak much later, up to 8 weeks post exposure, indicating differences in the maturation of the adaptive immune response compared to mammals [14, 21] . Depending on the species studied and the antigens used, the IgM response in reptiles can last up to 34 weeks after exposure [21] , whereas the IgY response appears around 31 days post exposure and can last for many years, similar to the mammalian IgG response [39] .
Overall, in comparison to mammals, the reptile antibody response is weaker [22] since the titres do not necessarily increase after a second antigen exposure and there is a lack of affinity maturation [21, 22] . However, studies on colubrid snakes indicated an increase in titres after repeated antigen exposure [40] , and the rapidness of the response indicates immunological memory [21, 22, 40] . Again, the reptile antibody response is affected by environmental and individual factors such as temperature, season, sex, age, and the neuroendocrine status [14, 22] .
We set up this study to assess the antibody response against reptarenaviruses in snakes. Our working hypothesis was that snakes with BIBD, i.e. with the presence of IBs in blood cells and confirmed reptarenvirus infection, would show low anti-reptarenavirus antibody titres, if any. We also wanted to study whether other measurable parameters, such as the sex, age, and weight of the animals, or the number of reptarenaviruses infecting an individual snake could be associated with IB formation. To answer these questions, we studied a cohort (N = 70) of snakes in a single breeding collection with previously confirmed BIBD cases.
Results

Diagnosis of BIBD based on the cytological examination of blood smears
We based the BIBD diagnosis on the detection of IBs in cells in blood smears stained with May-Grünwald-Giemsa [7] . A similar approach was recently confirmed to correlate well with immunological staining of peripheral white blood cells (PWBC) for reptarenavirus NP [41] . We confirmed the association of the IBs with reptarenavirus infection by RT-PCR (see below), considering this as further proof of the disease and evidence that affected animals will eventually develop clinical signs [13] . We could detect IBs (Fig 1) in 34 of the 70 blood smears studied (48.57%; BIBD-positive snakes; Table 1 ). In the remaining 36 snakes (51.43%) the blood cells were free of IBs (BIBD-negative snakes; Table 2 ) [2] . At the time of blood sampling, all but the two debilitated snakes and the animal with cloacal prolapse (animals 1.18, 1.20, 1.29) appeared clinically healthy.
We examined the animals' age and weight against the BIBD diagnosis ( Table 3 ). The average age was 4.6 years (95%CI: 4.26-4.99). We did not find statistically significant differences in age between female and male animals or between BIBD-positive and -negative animals. However, we found a statistically significant (p<0.01) association between BIBD and the weight of the female animals: BIBD-positive female animals had significantly lower body weights (Fig 2) ; the geometric mean of the weight was 3.077kg for the BIBD-positive female animals and 4.912 kg for the negative ones. The same association was not significant for male animals (Table 3) . Linear regression established that the weight of the animals was significantly associated with age, sex and BIBD status (Table 4) 
Characterization of the breeding collection's "reptarenavirome"
We and others have previously reported that snakes with BIBD often harbour several reptarenavirus L and S segments; usually, more L than S segments are found in each snake [1, 11, 12] . To study whether the BIBD-negative snakes would also be free of reptarenavirus infection, we performed a meta-transcriptomic analysis of pooled blood samples (one pool from three snakes without evidence of IBs in blood cells, the other from three snakes with a high number of IBs in blood cells). From the reads acquired by NGS of the BIBD-positive blood pool we could assemble five reptarenavirus L segments and one S segment, as well as two pairs of hartmanivirus L and S segments [10] . To our surprise, we could not assemble any full-length L or S segments from the reads acquired from the BIBD-negative blood pool. However, using a mapping approach we identified some reads matching the L and S segments assembled from the data of the BIBD-positive blood pool. We then decided to screen a further three pools of three blood samples by RT-PCR, using virus-specific primers from our earlier study [1] , one pool from BIBD-negative snakes, two from BIBD-positive snakes. We found the S segments of UGV-2, S5-like, and TSMV-2 to be present in the positive pools, while the negative pool was only positive for the latter two. The L segment profiles of the pools seemed variable.
We analysed the population parameters against the RT-PCR test results for associations with the detection of hartmaniviruses (OScV-1 and -2). OScV-1 detection did not significantly associate with any of the population parameters, while OScV-2 detection positively associated with age. The average age of animals without OScV-2 infection was 4.28 years (n = 50, 95%CI: 3.895-4.665), whereas it was 5.647 (n = 17, 95%CI: 40260-4.994) for OScV-2 positive snakes (t = -3.498, df: 65, p<0.05). None of the other population parameters showed any associations with OScV-2 after controlling for age. OScV-1 and -2 detection showed poor to slight agreement with the other tests (Cohen's kappa < 0.2). 
Detection of reptarenavirus S segments in individual samples by RT-PCRs
Reptarenaviruses require both segments to make infectious particles; therefore, we applied specific RT-PCR for the above identified three S segments to all animals to recognise the reptarenavirus infected, viraemic snakes. Of the 70 animals tested, we found 66 (94.3%) to exhibit reptarenavirus viraemia. Thirty snakes (42.9%) carried all three S segments examined (UGV-/ S6-like, S5-like, and TSMV-2), and 32 (45.7%) carried two S segments. Of these, 21 snakes (30%) showed a combination of the S5-like and TSMV-2 S segments, nine snakes (12.9%) had the UGV-/S6-like and S5-like S segments, and two snakes (2.9%) had the UGV-/S6-like and TSMV-2 S segments. Of the four snakes with a single S segment, we found the UGV-/S6-like S segment in two, and the S5-like and TSMV-2 S segment in one snake each. The results are presented in detail in Table 1 and are summarised in Table 5 . We confirmed reptarenavirus viraemia in all BIBD-positive animals, and the majority (23/ 34; 67.65%) of these snakes carried all three S segments examined (UGV-/S6-like, S5-like, TSMV-2). Nine BIBD-positive snakes (26.47%) carried two S segments, and we detected only the UGV-/S6-like S segment in the remaining two animals (5.88%; animals 1.07 and 1.23) ( Tables 1 and 5 ). The UGV-like S segment was present in BIBD-positive animals.
In BIBD-negative snakes (N = 36), we found all three viral S segments in seven snakes (19.4%), whereas 23 animals (63.9%) carried two S segments, and two snakes (5.56%) had a single S segment, one had the S5-like (animal 2.19) and the other the TSMV-2 (animal 2.22) S segment. Four snakes (11.1%) were negative for each S segment and deemed to be reptarenavirus-free (Tables 1 and 5) .
Substantial agreement was identified between BIBD+ status and UGV-/S6-like S segment RT-PCR results (Cohen's κ = 0.6878). The agreement of the remaining RT-PCR tests with BIBD is slight (S5-like κ = 0.1327, TMSV-2 κ = 0.1254, any segment detection κ = 0.183, Table 5 ). Sensitivity and specificity calculations are included in Table 5 , though the study was not designed for such calculations.
We examined the associations of the RT-PCR results with population parameters (Table 6 ). Female animals positive for the UGV-/S6-like S segment, as expected given the test agreement with the presence of IB, have a significantly lower body weight (t = 2.99624882, df = 34, p<0.05). For male animals the difference in weight is not significant. There is no significant difference in the age of UGV-/S6-like S segment RT-PCR-positive and -negative animals or in their sex distribution. Multiple linear regression established that the age, sex and a positive UGV-/S6-like S segment RT-PCR result are significantly associated with the weight of the animals, F (3,63) = 36.98, and they accounted for 62.06% of weight variability. The regression equation is: Predicted Weight = -0.287 + 0.089 age + 0.235 sex-0.086 UGV-/S6-like indicating that the weight of UGV-/S6-like positive animals is lower than the weight of negative snakes after controlling for age and sex. There is no significant difference in the age of S5-like S segment RT-PCR-positive and -negative animals but there are significantly more male positive animals (χ 2 = 5.8019, p<0.05). The animals' weight is not significantly associated with a positive S5-like S segment RT-PCR result after controlling for sex and age. There is no significant difference in the age of TMSV-2 S segment RT-PCR-positive and -negative animals. There are though significantly more male animals positive for the TMSV-2 S segment (χ 2 = 4.435, p<0.05). The animals' weight is not significantly associated with a positive TMSV-2 S segment RT-PCR result after controlling for sex and age. Univariate analysis indicated that the number of S segments detected is not significantly associated with the age of the animals (ANOVA: 
Antibody response against reptarenavirus NP
So far, not much is known about the antibody response against reptarenaviruses in snakes. In our first report on identification of reptarenaviruses in snakes with BIBD, we used an indirect ELISA to indicate that there might be antibodies in some snakes with BIBD [7] . In a more recent study, we generated tools for the detection of IgM and IgY class antibodies in boas, and, using immunofluorescence and western blot, demonstrated that some BIBD-positive snakes have antibodies against reptarenavirus NP [14] .
Antibody detection by western blot (WB).
We studied the plasma samples of the entire collection using WB as the detection tool, and used concentrated UGV-1 virions as the antigen. The main protein component of the virions is NP, which is why we interpret the signals as anti-NP IgY and IgM. The signal intensities varied and we applied the following grading: negative (-), weakly positive (+), moderately positive (++), and strongly positive (+++); the WB result for each snake is included in Table 1 The WB results for anti-NP IgY and IgM in relation to BIBD are summarised in Table 7 . The agreement of the WB results with BIBD is slight for anti-NP IgY (Cohen's κ = 0.0294) and poor for IgM (κ = 0.0000). As for the RT-PCR results we included indicative sensitivity and specificity calculations. The sensitivity of the IgY WB in detecting BIBD is 70.6% (95%CI: 59.8%-81.4%) and the specificity 32.4% (95%CI:21.2%-64.3%). For IgM, the WB sensitivity is 73.5% (95%CI:63.0% -84.0%) and the specificity 26.5% (95%CI:16.0% -37.0%). We examined the agreement of the BIBD status against the graded WB results using Cohen's weighted kappa(κ(w). For anti-NP IgY κ(w) is 0.0119 and for IgM κ(w) is 0.000 indicating slight and poor agreement, respectively. We also examined the agreement between WB results and RT-PCR results using Cohen's kappa for binary WB results and weighted kappa for graded WB results. In all cases the agreement was slight or poor. Antibody detection by ELISA. Since the quantification of WB results is at best indicative of the antibody titres, we decided to set up an ELISA test for the detection of anti-reptarenavirus NP antibodies. We used purified UGV-1, recombinant UHV-1 NP, and the C-terminal portion of UHV-1 NP (UHV-1 NP-C) as the antigens.
ELISA results as quantitative variables. We examined the ELISA results against the BIBD status and the RT-PCR results using t-test. UGV-1 IgY ELISA OD values were significantly higher for BIBD-(p<0.001) and UGV-2 RT-PCR-(p<0.05) negative animals, whereas UGV-1 IgM ELISA OD values were significantly higher for BIBD-positive animals (p<0.05). UHV-1 NP IgY ELISA OD values were significantly higher for BIBD-(p<0.001) and UGV-2 RT-PCR-(p<0.01) negative animals, UHV-1 NP-C IgY ELISA OD values were significantly higher for BIBD (p<0.01) and UGV-2 RT-PCR (p<0.01) negative animals, and UHV-1 NP-C IgM ELISA OD values were significantly higher for BIBD-(p<0.05) and UGV-2 RT-PCR-(p<0.01) negative animals and for SMTV-2 RT-PCR-positive animals (p<0.05). Table 8 provides the detailed results of the analysis.
ELISA results for IgY and IgM from all the tests were analysed against population parameters and the other tests. At univariate level we used Analysis of Variance (ANOVA) to examine associations between age and antibody titres. UGV-1 IgY ELISA titres were the only ones significantly associated with age (F (6,59) = 3.52, p<0.01). Linear regression established that weight was significantly associated with ELISA titres for UGV-1 IgY and UGV-1 IgM (Regression equations UGV-1 IgY: F(1.67) = 32.4, R 2 = 0.326, Predicted UGV-1 IgY = -1.245 + 1.556
weight; Predicted UGV-1 IgM: F(1.67) = 4.9 = -0.217-0.188 weight). There was no significant association between any of the ELISA test results and the animals' sex. The results of the univariate analysis are presented in Table 9 .
Using multivariable linear regression, we examined the associations of UGV-1 IgY and IgM with BIBD, weight and age. We established that both age and BIBD+ status were significantly associated with UGV-1 IgY antibody titres, F(2,63) = 16.94, and they accounted for 32.90% of antibody variability (p<0.001). The regression equation is: Predicted UGV-IgY OD(log10) = -1.147 + 0.181 age-0.4812 BIBD+. Fig 3A illustrates this association, with BIBD-negative Antibodies in BIBD animals demonstrating higher antibody titres than BIBD-positive ones. A similar model when fitted for UGV-1 IgM did not provide significant results. We include the graphic representation (Fig 3B) as the result may indicate an interesting trend of UGV-1 IgM remaining at higher levels for BIBD-positive animals because of continuous exposure from circulating virus while in BIBD-negative snakes, lack of such exposure may lead to UGV-1 IgM reduction in older animals. (Fig 3A-3F) demonstrates the association of all the ELISA test results with age and IB detection. Multivariable linear regression also established that age, sex and plasma UGV1 IgY were significantly associated (p<0.0001) with the weight of the animals, F(3,62) = 38.24 and they accounted for 63.22% of weight variability. The regression equation is: Predicted Weight = 0.079 + 0.075 age + 0.195 sex-0.096 UGV1 IgY OD. Fig 4 demonstrates this association separately for male and female animals. To establish linearity in this and all previous cases, we checked the residuals for normalcy using Shapiro-Wilk test and examined a residual versus fitted values plot.
We then investigated the potential association between the number of S segments found and the antibody response. Of the 23 BIBD-positive snakes in which all three viral S segments were detected, six (26.09%) were positive for anti-UGV IgY and 14 (63.64%) for anti-UGV IgM antibodies, four (18.18%) carried both IgY and IgM, and seven (31.82%) were negative for either antibodies. Among the nine snakes with two S segments were two (22.22%) that exhibited anti-UGV IgY antibodies, and three (33.33%) were positive for anti-UGV IgM antibodies. The two IgY-positive snakes also carried anti-NP IgM antibodies (22.22%); six snakes (66.67%) were negative for either antibodies. Both BIBD-positive snakes in which only the UGV-/S6-like S segment was detected exhibited an anti-NP IgM response; one also carried Antibodies in BIBD anti-NP IgY antibodies. All seven BIBD-negative animals tested positive for three viral S segments carried UGV-specific antibodies, five (71.43%) were IgY-positive, and three (42.86%) IgM-positive, one snake (14.29%) was positive for both Igs. Of the animals positive for two S segments (n = 23), the majority carried IgY (n = 14; 60.87%), nine (39.13%) were IgM-positive, and five (21.74%) were positive for both antibodies; five animals (21.74%) did not exhibit an antibody response. Both snakes in which a single viral S segment was detected exhibited both an IgY and an IgM response. Of the four RT-PCR negative animals, two (50%) showed a combined IgY and IgM response, one only had IgY antibodies, and one did not exhibit an antireptarenavirus response. There is no significant association between the number of segments and any of the ELISA results.
ELISA cut-off points. The background corrected raw ELISA data with cut-off values are presented in Fig 5. We tested the BIBD-positive snakes for the presence of anti-UGV-1 IgY and IgM antibodies and found nine (26.5%) IgY positives and 19 (57.58%) IgM positives of which seven (21.21%) were also IgY-positive. Thirteen animals (39.39%) did not exhibit any anti-UGV-1 antibodies (Table 10) . Of the 36 BIBD-negative snakes 24 (66.67%) had anti-UGV-1 IgY and 16 (44.44%) anti-UGV-1 IgM antibodies, 10 animals (27.78%) showed both IgY and IgM; six snakes (16.67%) did not exhibit any anti-UGV-1 antibodies (Table 11) . We examined the agreement of the different ELISA tests with the BIBD status using Cohen's kappa (Table 11) . Because significantly more BIBD-positive animals were testing negative for IgY (above the cut-off point, see Table 1 ), and because the measured OD values in ELISA were lower in BIBD-positive than in BIBD-negative animals we calculated the test agreement, using Cohen's kappa, considering negative ELISA results equivalent to positive BIBD ones. We reversed thus the UGV-1 IgY ELISA results (positive to negative) which led to a moderate agreement with BIBD (κ = 0.429). The same applied to UHV-1 NP IgY ELISA (κ = 0.293) and UHV NP-C IgY (κ = 0.319) which showed fair agreement with BIBD. All IgM ELISA results show slight or poor agreement with BIBD (UGV-1 IgM, κ = 0.131; UHV-1 NP IgM, κ = -0.045; UHV1 NP-C IgM, κ = -0.179). Results are summarised in Tables 12 and 13 including the agreement between ELISA results and RT-PCR. All results indicate poor to fair agreement between tests. 95% confidence intervals were calculated for Cohen's kappa and further confirm the lack of agreement between tests [42] . Using univariate analysis, we examined the ELISA test results based on the cut-off points for associations with population parameters. There is no significant association between animal sex and any of the ELISA results. The presence of UGV-IgY is significantly associated with weight. The geometric mean (GM) weight of UGV-IgY-positive animals (n = 34) is 3.809 kg (95% CI: 3.159-4.594) while for UGV-IgY-negative animals (n = 36) the geometric mean weight is 2.193 kg (95%CI: 1.858-2.589kg, p<0.0001). This association remained significant after stratification for sex for both male and female animals (Male: UGV-IgY positive animals (n = 14) GM = 2. 
Discussion
In this study, we investigated the association between BIBD, pathogen detection, population parameters and serological findings in a cohort of snakes from one breeding colony. As our previous studies had implied an association between BIBD and low antibody levels [7, 14] , the main focus of this study was on a potential link between anti-reptarenavirus antibody levels and BIBD. We hypothesised that some reptarenavirus S segments can be found more frequently in snakes with BIBD, and that healthy and diseased snakes would show different S segment profiles. We examined a panel of 70 blood samples, evenly distributed by sex, collected on the same day from the entire animal cohort. Because snakes are poikilotherms, we considered minimising the environmental influence on the immune response to be essential. Therefore, the study was restricted to a single breeding colony where animals are kept under virtually the same husbandry conditions with regards to moisture, light, feeding regime and temperature, except that male snakes are kept at 2-5˚C lower temperatures than females to increase reproductive activity. We started by dividing the sample panel in BIBD positives and negatives based on the detection of IBs in blood cells, using blood smears stained under quality controlled conditions. We used the presence of IBs in combination with confirmed reptarenavirus infection as the diagnostic criteria for BIBD, since we consider it likely that the presence of reptarenavirus NP in the form of IBs in cells will eventually result in clinical signs and death of affected animals [1, 12, 13] . The examination of population parameters in our study did not show an association of age and the presence of IB, suggesting that the time and duration of the infection would not ve  10  17  12  15  24  3  24  3  27   Total 34  36  43  27  61  9  54  16  70 be a factor in the development of BIBD, though this is highly speculative as data on, for example, the introduction of individual animals was not available. Also, a dependency of sex and BIBD could not be shown, but we could demonstrate a statistically significant association between BIBD and reduced body weight in female snakes. While this may reflect the low number of snakes included in the study, it might also be indicative of metabolic or behavioural changes in the infected snakes. Since reptarenavirus replication is temperature sensitive [43] , one could also speculate that the viruses replicate more efficiently in female snakes as these are housed at slightly higher temperatures. Further studies on the optimal reptarenavirus replication temperature would be required to address this hypothesis. By NGS and de novo genome assembly, we identified two pairs of hartmanivirus L and S segments, several reptarenavirus L segments but only a single reptarenavirus S segment (UGV-like) from the RNA of a BIBD-positive blood pool [10] . Interestingly, reads matching reptarenaviruses were clearly less abundant in the RNA sample extracted from the BIBD-negative blood. This finding could indicate higher replication or more intense viraemia in the BIBD-positive snakes, however, it could also be explained by unknown factors related to NGS library preparation. As we aimed to study the immune response using NP as the antigen, we used the S segment primers of our previous study [1] in RT-PCRs to screen the pools, and identified two additional S segments (S5-like and TSMV-2) within the pools. Screening of all individual samples for UGV-like, S5-like, and TSMV-2 S segments by RT-PCR showed that 97.1% of the BIBD-positive snakes carried the UGV-like S-segment. This observation is well in line with previous studies, in which we [1, 11] and others [12] have observed that UGV-/ S6-like S segments are often found in snakes with BIBD. In contrast, we found the UGV-/ S6-like S segment only in 27.8% of the BIBD-negative snakes. As the mechanisms behind IB formation are still unknown, one could speculate that UGV-/S6-like NP would be more prone to IB formation. However, in our first report on reptarenaviruses in snakes, we purified IBs (4.260-4.994) from infected cell cultures and used peptide mass fingerprinting to identify the main protein component as University of Helsinki virus-1 (UHV-1) NP. This finding suggests that IB formation is similar between different reptarenavirus species (or S segments). Thus one explanation on why UGV-/S6-like S segments are often found in snakes with BIBD could instead lie in the GPC that is also carried in the S segment. The origin and reservoir host(s) of reptarenaviruses remain unknown, however, it seems obvious that UGV-/S6-like GPC allows the virus to spread efficiently among boas. As IBs are found in various tissues, the UGV-/S6-like GPC could also allow wide tissue tropism. Our findings indicated that detection of UGV-/S6-like S segment had the closest substantial agreement (κ = 0.6878) with BIBD. However, further work will be required to establish the sensitivity and specificity of UGV-/S6-like S segment detection in BIBD diagnosis.
The reptile immune response is not known in great detail, and its description is often subjected to a comparison with the mammalian immune system. It is also unclear how much immune response mechanisms vary within the class Reptilia or even within the clade Ophidia inside the order Squamata since studies on the immune response of snakes partially report controversial findings, for instance regarding the increase in titres after repeated antigen exposure in colubrid snakes [40] . Also, different IgY isotypes of certain snake species have been described [37] , and a secretory immunoglobulin has only been found in the bile of the northwestern garter snake (Thamnophis ordinoides) [44] . The fact that we studied samples collected at a single time point from naturally infected snakes for which the time of infection was unknown, made the evaluation of antibody response kinetics impossible. However, the analysis of IgY and IgM antibodies by WB and ELISA showed that the presence of anti-UGV NP IgY is negatively correlated to the presence of IB and thereby BIBD (Fig 2) . Although GPC and NP are encoded by the S segment, it remains to be studied whether GPC induces a similar immune response. We could not detect anti-GPC antibodies by WB, however, the result most likely reflects lack of sensitivity rather than lack of antibodies since we used purified virions (the NP is by far the most prominent protein in the virion) as the antigen. Further evidence of a possible association between infection with a virus bearing UGV-/S6-like S segment and BIBD is the observation that we found a significant positive association between weight and plasma UGV1 IgY titres. The observed variable occurrence of IgY and IgM antibodies in individual snakes could be due to the prolonged persistence of IgM and the variable onset of IgY production [21, 39] . Anti-UGV NP IgM antibody titres showed a trend to lower in the older BIBD-negative snakes, which could reflect exhaustion of the immune system or a gradual class switch towards IgY. The current knowledge on the role of IgM and its age dependency in protective immunity in snakes is scarce. Natural antibodies (NAbs) are thought to compensate the decreasing sensitivity of the adaptive immune system in ageing snakes [45] . Interestingly, NAbs are also suggested to provide protection against mammarenavirus (LCMV) infection by epitope recognition [46] .
The timing of infection greatly influences the immune response, as shown for LCMV, the prototypic arenavirus. Exposure in utero or as a neonate results in chronic infections [1, 47] . Persistently infected LCMV carriers were thought to develop a state of tolerance, accepting the virus as endogenous, and therefore do not respond by antibody production [48] . However, later studies demonstrated an immunological response towards LCMV and concluded that low antibody levels were due to the formation of immune complexes that were deposited in the glomeruli of the kidney [49] . Further studies are needed to demonstrate whether such immune complexes are present in snakes with BIBD and/or in snakes infected with reptarenaviruses in utero or as neonates. Several studies also elucidated a dependency of antibody production on different strains of viruses and mice and a different IgG isotype profile in chronic vs. acute murine infections [50] . These antibody profiles were attributed to involvement of different T cell populations in acute and chronic infections, and associated with varying clinical signs [50] . Extensive studies by Oldstone and colleagues with the LCMV Armstrong 53b strain (ARM) as the parental virus demonstrated the emergence of virus variants with varying tissue tropism in mice [51] . Infection with the parental ARM isolate induced a strong CD8 + T cell response, while the CD8 + T cell response was aborted in mice infected with clone 13 (Cl 13) isolated from lymphoid cells of neonate mice infected with ARM [51] . LCMV strains and variants with high affinity for α-dystroglycan (e.g. Cl 13), the cellular receptor for Old World mammarenaviruses [52] , can enter dendritic cells (DCs) [51] . Infected DCs can then be destroyed by the antiviral CD8 + T cell response [53] or remain functionally impaired [51] . The loss of the DC function as professional antigen presenting cells significantly contributes to the overall immunosuppression seen as a consequence of LCMV infection [51] . The receptor and the ability of reptarenaviruses to infect DCs are currently unknown. However, like LCMV [54] , reptarenaviruses infect lymphoid cells [55] , and could thus use immunosuppression mechanisms similar to those employed by LCMV. One could also speculate that the swarm of S segments often found in snakes with BIBD would contribute to immunosuppression by enabling a broader cell tropism for the virus. Another aspect of LCMV induced immunosuppression is the exhaustion of CD4 + and CD8 + T cells that occurs in chronically LCMV infected mice [56, 57] . Furthermore, the functional impairment of CD4 + T cells negatively influences the antibody response [56, 57] . Also, the exhaustion of CD4 + T cells reduces the production of antibodies, as demonstrated by providing virus-specific CD4 + T cells from transgenic mice to chronically infected animals [56] .
Mice persistently infected with LCMV do not possess LCMV-specific CD8 + T cells [50] , and CD4 + T cells are absent in transplacentally infected mice [57] . The attenuation of T cell dependent immune functions as well as immune complex formation support the assumption that animals infected via vertical transmission show lower antibody levels than horizontally infected animals. It is possible that vertical transmission also occurs for maternal antibodies in ovoviviparous snakes, such as B. constrictor. This could theoretically compensate for the embryo's immunological incompetence; however, how this aligns with the fact that persistently infected mothers pass both their reptarena- [1] and hartmaniviruses [10] to the newborn is not clear. Many snakes examined in the present study are related, as they represent a breeding colony; therefore, it is not possible to determine how many were horizontally infected. It is tempting to speculate that the snakes with high antibody titres were horizontally infected, whereas the BIBD-positive animals with low antibody titres were vertically infected. This would tie in with observations on LCMV which leads to reduced levels of IgG2a subclass in persistently infected mice [50] . LCMV Cl 13 can induce persistent infection, which results in exhaustion of virus-specific T cells and is associated with generalized immunosuppression in adult mice [51] . Something similar could occur during reptarenavirus infection. It is possible that there are reptarenavirus S segments with point mutations, similar to that in LCMV Cl 13 that alter the cell tropism and contribute to immunosuppression. Alternatively, multiple S segments could allow infection of different subsets of lymphoid cells, thus resulting in immunosuppression similar to that of LCMV Cl 13. In addition to the antibody and T cell responses, reptarenaviruses can be expected to influence the innate immune system in a manner similar to that of mammarenaviruses, i.e. via inhibition of type I interferon production [10, 17, 18, 58] . Indeed, a general reptarenavirus-induced immunosuppression would tie in with the increased incidence of bacterial infections and/or neoplastic processes in snakes with BIBD [2] [3] [4] . This is to our knowledge the first report to thoroughly assess the adaptive immune response of boid snakes towards reptarenaviruses. By characterising a single breeding collection, we could demonstrate that one individual virus, UGV-/S6-like S segment, was strongly associated with BIBD. Supporting the link between the presence of UGV-/S6-like S segment and BIBD, we found a negative correlation between BIBD and the presence of anti-UGV NP antibodies. Future studies, either longitudinal or experimental infection driven, are needed to understand the kinetics of the antibody response in snakes with reptarenavirus infection. Our results do, however, suggest that presence/absence of UGV-/S6-like S segment RNA and presence/ absence of anti-UGV NP IgY antibodies could serve to a limited extent in the ante mortem diagnostics of BIBD.
Materials and methods
Study cohort and samples, cytological examination
We studied a breeding collection of 70 Boa constrictor snakes comprising 36 female and 34 male adult individuals, aged between two and eight years ( Table 1) . Husbandry conditions included humidity of approximately 60% and a season-dependent light regime with photoperiods of 12-13 hours during warm and 9-10 hours during cold months. Female snakes were kept at an environmental temperature of 26-33˚C with a drop of 3-4˚C during night, but not deceeding 24˚C whereas the males were kept at an environmental temperature approximately 2-5˚C lower than the females with a minimum temperature of 23˚C The cohort included two debilitated snakes (one male, animal 1.20; one female, animal 1.29) and one female snake with cloacal prolapse (animal 1.18); the remaining animals were clinically healthy. In June 2015, one snake from the collection had been euthanised due to clinical signs, and post mortem examination had confirmed BIBD diagnosis. Subsequent analysis of blood samples from 14 snakes had revealed the presence of cytoplasmic IBs in blood cells of eight snakes, confirmed that they also suffered from BIBD. These findings prompted the owner to have the entire breeding colony tested for BIBD a year later. In July 2016, blood samples were collected in 1.3 ml K3E EDTA tubes (Sarstedt) by either caudal tail vein venipuncture or cardiocentesis. All snakes were weighed before bleeding. No ethical permissions were required for these diagnosis-motivated blood samplings.
Blood samples and smears
Cytological examination of blood smears, which presents the current standard ante mortem diagnostic tool [3, 59] , served to confirm BIBD diagnosis. We prepared two blood smears for each animal, stained with May-Grünwald-Giemsa, and used light microscopy for IB detection in blood cells as described [1] . From the remaining blood, ca. 1 ml each, we separated plasma by centrifugation at 1,200 x g for 2 min, and stored the cell-enriched blood and plasma at -80˚C.
Next generation sequencing (NGS)
NGS served to identify the "reptarenavirome" of the breeding collection, and to allow the setting up of virus-specific RT-PCRs for screening of the entire collection. For NGS, we prepared two pooled samples of cell-enriched blood: 1. three snakes without evidence of BIBD (no IBs in blood cells), 2. three snakes with confirmed BIBD (abundant IBs in blood cells), and performed RNA extraction, NGS library preparation, and genome assembly as described [1, 60] .
Reverse transcriptase-polymerase chain reaction (RT-PCR)
We were interested in sequencing the S segments present in the breeding colony, since the S segment bears the NP which we used as the antigen in the antibody assays. As we only recovered a single complete reptarenavirus S segment (University of Giessen virus-1, UGV-1, GenBank accession MH483061) by NGS and de novo assembly [10] , we decided to use the virus-Solution (Thermo Scientific) 100 μl/well, terminated the reaction by addition of 1M H2SO4 50 μl/well, and read the results (OD at 450 nm) with a BioTek Synergy HT Multi-Mode Microplate Reader.
We performed change point analysis utilising the changepoint v.2.2.2 package (https://rdrr. io/cran/changepoint/) in R to set the cut-off values (separately for IgM and IgY and for each antigen) for distinguishing positive and negative ELISA results. Briefly, we used the cpt.meanvar function with the AMOC method on the ELISA data arranged in ascending order. We set the cut-offs (UHV NP IgY = 0.31; UHV NP IgM = 0.35; UGV-1 IgY = 0.27; UGV-1 IgM = 0.48; UHV NP-C IgY = 0.47; and UHV NP-C IgM = 0.37) just above the detected change point, so that the value at change point was considered negative.
Statistical analysis
We performed data analysis using Stata Statistical Software: Release 13. College Station, TX: StataCorp LP. The analysis examined possible associations between test results and population parameters using univariate and multivariable analysis. For data that were not normally distributed, we utilised non-parametric tests. Given the nature of the investigation and the study population, the analysis is predominantly descriptive. Sensitivity and specificity calculations for the different tests were used as indicative since the study was not designed for the purpose. Cohen's kappa (κ) and weighted kappa κ (w) served to examine the agreement between tests with binary or ordinal data [42] . 
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